Abstract Most thyroid nodules are benign. The ideal follow-up of these patients should reflect their prognosis, which has been scarcely investigated. We aimed to evaluate the prognosis of patients with initial benign thyroid cytology. A population-based study, using the Rochester Epidemiology Project, identifying patients with benign thyroid cytology diagnosed between 2003 and 2006 and completely followed to 2014 using linked medical records. We identified 363 thyroid nodules with benign cytology in 327 patients after fine-needle aspiration biopsy. Patients were on average 53 years old (standard deviation 17), and 80 % were women. The median nodule size was 1.6 cm (interquartile range 1.2-2.4); 26 % had at least one suspicious ultrasound feature. During a median follow-up of 8 years, 54 patients (17 %) with 57 benign nodules underwent thyroidectomy, mostly due to compressive symptoms (44 %). Thyroidectomy was more likely in younger patients [hazard ratio (HR) 0.97, 95 % CI 0.96-0.99] and patients with larger nodules (HR 1.3, 95 % CI 1.16-1.48). Two patients were found to have follicular thyroid cancer in the index nodule (0.6 %) and 6 patients had papillary thyroid cancer detected in other nodules (1.8 %). No patient died from thyroid cancer. Patients with benign thyroid nodules are unlikely to suffer morbidity or mortality due to thyroid cancer. Follow-up strategies for these patients should consider this excellent prognosis and avoid causing unnecessary fear in patients and adding unneeded expense and burden to the healthcare system.
Introduction
The widespread use of imaging technology has partly fueled an increased detection and diagnosis of thyroid cancer over the last decade [1, 2] . This increase in thyroid cancer detection and the potential harm associated with overtreatment of indolent thyroid cancer represents only a part of the problem created by increased detection of thyroid nodules (since most nodules will be found to be benign). After a thyroid nodule is discovered, our current diagnostic strategies rely on ultrasound (US) features and ultrasound-guided fine-needle aspiration biopsy (USFNA) results to guide further management [3] . However, even in the case of benign thyroid nodules, the most common result after USFNA, there is still uncertainty regarding the ideal follow-up strategy [3, 4] . For example, two out of the three recommendations by the American Thyroid Association guidelines that address this topic are based on low-quality evidence [3] .
Although a benign diagnosis on USFNA cytology is usually reassuring, there are concerns regarding the possibility of a missed diagnosis of thyroid cancer that when acted upon may result in significant worse patient outcomes [3, 5] . For this reason, current follow-up strategies recommend repeat neck US and repeat USFNA according to the initial risk of malignancy based on US features [3] . The burden of this approach to the health care system as well as to the individual patient is significant. For example, because thyroid nodules can be found in up to 70 % of patients when assessed by US, and considering that at least 60 % of USFNA are reported as benign, the number of patients entering this follow-up strategy in the United States is very large [4, 6, 7] . In addition, from an individual patient perspective there is a significant treatment burden associated with follow-up of thyroid nodules in terms of anxiety, costs, time away from work, repeat US, and USFNAs.
The long-term outcomes of patients with benign thyroid nodules have been evaluated scarcely. One large singlecenter study with a mean follow-up time of 8.5 years found a low rate of new diagnosis of thyroid cancer and no mortality associated with thyroid cancer during the study period [8] . An Italian, multicenter study also found a low rate of new diagnosis of thyroid cancer; however, only about half of the patients had undergone USFNA [9] .
The objective of our study was to evaluate the long-term prognosis of patients with biopsy-proven benign thyroid nodules using a population-based design. We explored the rates of patient-important outcomes during follow-up to determine if less intensive and less aggressive follow-up strategies of these patients can be safely considered.
Methods
We performed a population-based study approved by the local institutional review board using the Rochester epidemiology project (REP) medical records linkage system which was initiated in 1966 to study disease epidemiology and patterns of health care among the residents of Olmsted County, Minnesota. The REP provides a research infrastructure that covers residents of all ages, regardless of socioeconomic status, ethnicity, or insurance status. The follow-up of patients is based on routine care; each time an Olmsted county resident visits a REP health care provider, this information is automatically integrated into the research infrastructure [10] .
We identified all subjects residing in Olmsted County who had undergone USFNA of thyroid nodules resulting in benign cytology between 2003 and 2006. We chose this time period to allow sufficient length of follow-up to assess the outcomes of interest. An initial search of the REP database was performed to identify patients with a procedure code of USFNA and thyroid disease and followed by a detailed chart review for each patient. Exclusion criteria included a previous history of thyroid cancer, prior biopsy of the index nodule outside the study period, and biopsy performed without US guidance. An electronic data collection form was created using REDCAP and medical records were reviewed up to October 2014 [11] . Three reviewers collected baseline clinical information at the time of benign cytology, including age, sex, nodule size, thyroid-stimulating hormone (TSH) levels, risk factors for thyroid cancer (i.e., family history of thyroid cancer and history of neck irradiation), and the presence of suspicious features on US (based on the recorded US report including: hypoechogenicity, increased vascular blood flow, calcification, irregular margins, nodules described as taller than wider). During follow-up, information regarding the number of thyroid/neck ultrasound exams, need for repeat USFNA, number of patients undergoing thyroidectomy, reason for thyroidectomy, outcomes of thyroid surgery including histological information, death from any cause and due to thyroid cancer, when applicable, was collected. Clinical relevant growth of thyroid nodules was based on the information found on medical record review (no predefined cut-off was used). One reviewer (one of the three initial reviewers) assessed a random sample (5 % of the cases) to verify accuracy. There was a 100 % agreement when evaluating inclusion criteria to the study and 99 % agreement when evaluating adequate outcome assessment.
Analysis
A descriptive summary analysis of baseline characteristics was performed in JMP Ò 10.0.0 (2012 SAS Institute Inc.) and using each nodule as the unit of analysis, with the exception of patient clinical features (age, sex, past medical history) where patients with more than one nodule were counted once. Results are expressed as mean (standard deviation) or median (interquartile range, IQR) for continuous variables and as proportions for categorical variables; differences between categorical variables were assessed using the v 2 test. The outcomes of interest were a new diagnosis of thyroid cancer, death due to thyroid cancer, and thyroidectomy. We evaluated predictors of time-to-event outcomes using Cox regression models and calculated hazard ratios and 95 % confidence intervals. The last date of follow-up was the date of death, thyroidectomy, or the last clinic visit in patients without any adverse outcomes during follow-up.
Results

Baseline features
During the 3-year study period (2003) (2004) (2005) (2006) , 520 USFNA biopsies were performed on residents of Olmsted County, Minnesota, and 363 (69.8 %) nodules in 327 patients were diagnosed as cytologically benign. The mean age at the time of USFNA was 53 years (standard deviation, 17) with Endocrine (2016) 54:148-155 149 the majority of the patients being women (n-260, 80 %). Baseline clinical characteristics are found in Table 1 .
Patient important outcomes
Need for thyroidectomy during follow-up
The median time of follow-up was 8.3 years (IQR 4.5-9.5).
A total of 57 benign nodules in 54 patients (17 %) underwent thyroidectomy during follow-up. The development of compressive symptoms was the most common indication for surgery (n-25, 44 %). The distribution of other indications for thyroidectomy is found on Table 2 and a time-toevent analysis for thyroidectomy is shown in Fig. 1 
New diagnosis of thyroid cancer
From the 57 nodules undergoing surgery (in 54 patients), 2 cases of follicular thyroid cancer were found. None had distant metastatic disease at the time of diagnosis. One case was a 62-year-old male with a 7.5 9 6.5 9 2.7 cm nodule that underwent surgery 3 months after initial USFNA due to size concerns. The pathology showed a minimally invasive follicular carcinoma (both capsular and vascular invasion); after 6 years of follow-up there is no evidence of recurrent or metastatic disease. In the other case, a 23-yearold female underwent thyroidectomy due to nodule growth during follow-up (initial nodule size 0.5 9 1 9 1.1 cm and 2 years after follow-up 1 9 1.6 9 1.7 cm). Her pathology showed a minimally invasive grade 1 follicular carcinoma (vascular invasion). She has had no evidence of recurrence after 7 years of follow-up.
Overall, the rate of malignancy in the index nodule was 2/57 when using histology as the gold standard (3.5 %) and 2/363 (0.5 %) when using histology and long-term followup as the gold standard. In addition, surgery/histology revealed incidental papillary thyroid cancer in 6 out of the 54 patients that underwent thyroidectomy (11 %). Three of these cases were micropapillary thyroid cancer (size range 0.1-0.5 cm). The size in the other cases ranged from 1.2 to 1.8 cm. Positive cervical lymph nodes were found in 2 cases (lateral and central neck in one case and only central neck in the other) and surgical margins were negative in all cases. One patient received radioactive iodine ablation treatment. There was no evidence of recurrence or distant metastasis in any of these incidental tumors.
Mortality attributed to thyroid cancer
No cases of mortality attributed to thyroid cancer or thyroid disease were reported. Twenty-seven patients died of other causes during follow-up.
Outcomes based on follow-up strategies
A follow-up strategy based on repeat US occurred in 44 % of nodules (n-158) and follow-up without repeat US occurred in 56 % (n-205). (Table 3 ) Among the group who received a follow-up US, the median time to US was 2.2 years (IQR 1.0-4.6). Furthermore, 42 of these patients had a repeat USFNA (12 %) and 27 underwent thyroidectomy (17 %); the most common indication for thyroidectomy was the presence of compressive symptoms (59 %).
In the cases without a repeat neck US during follow-up, no repeat USFNA was conducted, and 31 nodules underwent surgery (15 %); the most common indication for USFNA ultrasound-guided fine-needle aspiration biopsy, SD standard deviation, IQR interquartile range thyroidectomy was the management of a different thyroid nodule (33 %) with second most common indication being the development of compressive symptoms (30 %).
TSH was re-measured in 78 % of the patients during follow-up (median 5 measurements, interquartile range 2-8). The distribution of patient-important outcomes according to follow-up strategy is shown in Fig. 2 .
Discussion
We performed a population-based study evaluating the prognosis of benign thyroid nodules. We identified a cohort of 363 benign nodules in 327 residents of Olmsted County, Minnesota that were on average middle-aged women without significant risk factors for thyroid cancer and with 1 out of 3 nodules presenting at least one suspicious US feature for malignancy at baseline. During a median follow-up time of 8 years, no deaths due to thyroid cancer were identified and 17 % of the patients underwent thyroidectomy. A new diagnosis of thyroid cancer was found in only 2 patients, none presenting with metastatic disease at baseline or developing recurrence during follow-up. These findings are compatible with previous reports (Table 4) suggesting an overall excellent prognosis for patients with a benign thyroid nodule using different sampling methodologies (e.g., single-center, multicenter, and population-based studies) and follow-up times [8, 9, [12] [13] [14] [15] . In clinical practice, when a diagnosis of a benign thyroid nodule is made, there is reassurance to the patient that a diagnosis of thyroid cancer is unlikely. This is based on the low but not negligible false-negative rates that have been reported in patients with benign thyroid nodules, which vary significantly between institutions [3, 4] . Due to concerns of a missed diagnosis of thyroid cancer, revisiting the diagnosis (e.g., repeat USFNA) in cases where the clinical features do not match the benign cytological results is recommended (e.g., suspicious pattern for malignancy on US) and appears to be the first step in management [3, 5] . In the rest of the cases (low risk of thyroid malignancy at baseline based on US features and a benign biopsy), our current strategies for identifying patients with adverse outcomes include a repeat US (assessing for growth, new nodules, or change in US features) and/or repeating an USFNA according to the risk of malignancy [3] . However, high-quality evidence to support nodule growth as a predictor of malignancy after a benign biopsy is lacking [16] . In addition, reports from multiple centers have shown that the results of repeat US are usually unchanged. As a result, using US demonstrated growth as an indication for repeat USFNA may be associated with a high number of falsepositive results, as the final rate of malignancy in those who undergo surgery due to changes on the repeat USFNA is low [5, [17] [18] [19] .
A large number of patients with benign thyroid nodules on biopsy undergo follow-up to detect a missed diagnosis of thyroid cancer, which appears to be quite rare [8, 9] . The current strategies employed for this follow-up are not proven to result in significant benefit for the patient. In addition, thyroid cancer cases that are missed in the initial evaluation do not appear to be associated with worse treatment outcomes. In our cohort, there was no evidence of recurrent or metastatic disease during the follow-up of the 2 patients that had a new diagnosis of thyroid cancer. Similarly, in the study by Nou et al., none of the 18 cases of new diagnosis of thyroid cancer was associated with recurrent or metastatic disease [8] . These unproven strategies can also result in direct harm. For example, repeat US and USFNA may increase the number of false-positive results (growth on US or USFNA suspicious diagnosis) after which patients will be referred for unnecessary surgery or more intense follow-up (associated with side effects, cost, anxiety).
Overall, the ideal framework to determine the subsequent follow-up of patients with thyroid nodules appears to be based on a combination of clinical and US features in addition to USFNA results [3] . Interestingly, the most common indication for thyroidectomy during follow-up in many series is the development of compressive symptoms, which is an event unrelated to diagnostic uncertainty of the USFNA [8, 13, 14] . This suggests that routine clinical follow-up without repeat US or USFNA might be enough to identify patients in which further treatment is required.
The main limitations of our study are based on its retrospective nature, which resulted in different length of follow-up in our patients. Nevertheless, the main focus of our study, which was patient important outcomes, could be assessed even when repeat US or USFNA were not performed in all patients. We also relied on clinical documentation when evaluating the presence of nodular growth or compressive symptoms during follow-up. In addition, because the number of adverse outcomes was low during the study period, we could not perform analysis of time-toevent occurrence in the cases of death due to thyroid cancer or identify predictors for all of the proposed outcomes. Moreover, the pathology for most of these patients was read at a center with a very low false-negative rate, which might not be representative of cytopathology evaluation in other areas [20] .
Important strengths of our study include our populationbased design which decreases the chances of referral bias and allowed us to have comprehensive follow-up of the included cases [10, 21] . In addition, our follow-up time, although still not ideal (e.g., 15-20 years, as thyroid cancer mortality is low) is the second longest when compared to other series. Most of the other available series have focused on the false-negative rate after an initially benign USFNA, have had shorter follow-up and have not provided information on mortality.
Given the significant number of patients with benign thyroid nodules, an adequate management strategy both at the time of initial diagnosis and follow-up is urgently needed. To improve our diagnostic accuracy at the time of initial diagnosis, large prospective studies are required evaluating different frameworks to determine probabilities of malignancy on the basis of the available tools (clinical features, US features, USFNA result). To determine the best follow-up strategy of these patients, given the rarity of adverse outcomes, large multicenter studies would be required to compare different management strategies (different frequency and timing of initial US, indications for repeat biopsy during follow-up, and safety of follow-up based only on routine clinical evaluation). Until such studies are available, the current evidence makes it difficult to provide clear and confident guidance to clinicians and patients with benign thyroid nodules, but support the following suggestions. Physicians should counsel patients with thyroid nodules with benign cytology about their excellent prognosis and engage them in shared decision making about follow-up modality, intensity, and duration. Due to the uncertainty surrounding the benefits and risks of standard follow-up, it is reasonable to suggest follow-up protocols tailored to each patient's risk of thyroid malignancy and patient context (e.g., personal and social situation, competing risks, health status and life expectancy). For example, a healthy young patient with a high-risk nodule on ultrasound and benign cytology should be offered further evaluation given the high post-test probability of malignancy even with a benign USFNA result. Patients with nodules with benign features on US and benign cytology, the most common situation, who opt to receive follow-up should be offered clinical and ultrasound examination 3 years after the initial biopsy or earlier if symptomatic.
Conclusion
In a population-based study of patients with benign thyroid nodules, there were no deaths related to thyroid cancer and only two missed diagnoses of thyroid cancer, both of which presented without metastatic disease or recurrence during follow-up. Thyroidectomy most commonly indicated by the development of compressive symptoms was required in 17 % of the cases. These findings suggest that a benign cytological diagnosis of a thyroid nodule carries a very good prognosis in terms of patient-important outcomes and should encourage us to reconsider the goals of follow-up strategies in patients without significant risk factors for thyroid cancer to avoid overwhelming the medical system and individual patients.
